Freshwater is a scarce and precious resource in California; its overall value is being made clear by the current severe drought. The Sacramento-San Joaquin Delta is a critical node in a complex water supply system that extends throughout much of the western U.S. wherein demand is exceeding supply. The Delta also underpins a major component of the U.S. economy, helps feed a substantial part of the country, is a unique and valuable ecological resource, and is a place with a rich cultural heritage. Sustaining the Delta is a problem that manifests itself in many dimensions including the physical structure of the Delta, the conflicting demands for water, changing water quality, rapidly evolving ecological character, and high institutional complexity. The problems of the California Delta are increasingly complex, sometimes chaotic, and always contentious. There is general agreement that current management will sustain neither the Delta ecosystem nor high-quality water exports, as required under the Delta Reform Act, so there is a renewed urgency to address all dimensions of the problem aggressively. Sustainable management of the Delta ecosystem and California's highly variable water supply, in the face of global climate change, will require bold political decisions that include adjustments to the infrastructure but give equal emphasis to chronic overuse and misuse of water, promote enhanced efficiency of water use, and facilitate new initiatives for ecosystem recovery. This new approach will need to be underpinned by collaborative science that supports ongoing evaluation and re-adjustment of actions. Problems like the Delta are formally "wicked" problems that cannot be "solved" in the traditional sense, but they can be managed with appropriate knowledge and flexible institutions. Where possible, it is advisable to approach major actions incrementally, with an eye toward avoiding catastrophic unexpected outcomes. Collaborative analyses of risks and benefits that consider all dimensions of the problem are essential. Difficult as the problems are, California has the tools and the intellectual resources to manage the Delta problem and achieve the twin goals of a reliable water supply and an ecologically diverse Delta ecosystem.
INTRODUCTION
California, the most prosperous state in the nation, has an economy and a lifestyle built on water-and an illusion that freshwater is always abundant. However, the current drought, now entering its fourth year, has brought sharply into focus the fact that water is a scarce resource. With snowpack in the Sierras at a record low, Governor Jerry Brown has decreed serious water rationing, stating: "This is the new normal and we'll have to learn to cope with it" (KTLA 5 News 2015) .
Shortages of water and conflicts over water use are nothing new in California. The Delta of the Sacramento and San Joaquin rivers (the Delta; Figure 1 ) is at the center of these conflicts. Major state and federal water projects began delivering water from the Delta in 1949 to agricultural and urban users in the San Joaquin Valley and southern California. This redistribution of water stimulated economic growth, but the projects were soon plagued by conflict over whether, when, and how to transfer water from the Delta (Hanneman and Dyckman 2009). Conflict intensified with the listing under the federal and state endangered species acts of more than 50 native species found in the Delta (DSP 2013). As public concern grew, new policies were put in place to address environmental effects. These initiatives also led to improved understanding of the Delta, the listed species, and the complexities of managing the Delta to achieve a reliable water supply and a healthy ecosystem. Nevertheless, listed species continue to decline and dissatisfaction with water deliveries continues to grow. There is concern that the present approach to water operations is unsustainable in the face of widening demands 1 and shrinking supplies. Frustration with management's inability to satisfy all the demands for water has led to litigation, distrust among parties, and the threat of policy paralysis, 1 Widening demands for water are expected from projected population growth, economic growth, and demands to use water for the environment. The Delta Reform Act of 2009 states its "coequal" goals as "providing a more reliable water supply for California and protecting, restoring, and enhancing the Delta ecosystem." "The coequal goals shall be achieved in a manner that protects and enhances the unique cultural, recreational, natural resource, and agricultural values of the Delta as an evolving place" (CA Water Code 85054). "Widening" means overall demand, not necessarily increasing demand per capita.
with cascading consequences for California, the semiarid west, and the nation (Sidebar 1).
In this paper we look at multifaceted questions about water and environmental management in the Delta. Our goal is not to evaluate specific recent initiatives, but to provide a larger framework to guide implementation of these and future initiatives. We illustrate how the complexity of the Delta problem complicates management and leads to inefficiency and conflict.
We give examples of trade-offs, disagreements, and the consequences of failure in managing these issues. We discuss why bold new approaches to managing Delta issues are urgently needed to address inefficiencies in water use, aging infrastructure, and the deteriorating condition of native species. We also show that it is important to ensure that those actions take full advantage of existing knowledge, are implemented incrementally where possible, and are accompanied by ongoing evaluations of outcomes and subsequent adjustments, as necessary. Our hope is that this paper will help managers and policy-makers better appreciate the complexity of water and environmental management in the Delta, and understand that there are ways to move forward.
THE PROBLEM
At its simplest, the problem of the Delta is similar to water challenges throughout the arid and semi-arid western U.S.: growing demands and over-allocated resources. For example, California has water rights that allocate over 500% of average annual river flows (Grantham and Viers 2014) . Media reports often focus on the conflict over whether water should be exported from the Delta or left flowing through the Delta to San Francisco Bay to sustain listed native fish species. All this attention to flows and fish creates the impression that if only water managers in the major river basins would "get their act together," the problem could be solved. But the problem of the Delta is more complex than a simple decision about allocating flows. It is a problem with many different dimensions ( Table 1) showing reservoirs and canals that store and transport water from the wetter northern areas of the state to the drier southern and coastal areas. The Delta (inset) is at the heart of the system, pumping water to the south from two large pumping plants in the southern Delta. Reservoir volume and annual delivery is in millions of acre feet. Within the Delta, different zones are dominated by different uses and economic productivity. Agriculture is the most important economic activity in the Delta's economy producing $800 million annually in crops (e.g., corn, alfalfa, tomatoes, wheat, and wine grapes). Adding all value-added activities (wineries, dairies, canneries, etc.), the Delta produces $2.6 billion in total economic output and 13,000 jobs for the counties encompassing the Delta, and $5.3 billion and 25,000 jobs statewide. Recreation is the second most important economic activity in the Delta, generating $312 million and over 3,000 jobs annually within Delta counties, and over 5,300 jobs and $353 million statewide. Natural gas from the Delta also produces more than 20% of California's gas-powered electricity.
(Modified from DPC 2012).
• The Colorado River Basin Compact is a complicated deal that defines the water rights of users in the seven states that share the river. Southern California obtains water from both the Delta and the Colorado River Basin. California's supply of Colorado River water was reduced with implementation of the compact. Reducing supplies to Southern California from the Delta increases their reliance (within the bounds of the agreement) on water from places like Lake Mead in the Colorado River system (Fleck 2012) . Integration of interstate water infrastructure via these complicated agreements means that decisions about water exports from the Delta have cascading consequences for flows in the Colorado River, as well as endangered species conservation and water supply disputes throughout the Colorado River Basin.
• With so much at stake, it is not surprising that water managers argue that water disputes throughout the arid and semi-arid western U.S. cannot be resolved in the absence of decisions about managing the Delta (Austin 2015; Fleck 2012) Historically, the problem of water management was about supply: not enough water in the south and more abundant water in the north. California's impressive water system was designed to address this supply problem. But California's water problems can no longer be solved through supply management and traditional engineering solutions alone. Water supply and demand are increasingly out of balance, and the cornerstones of the water supply system are changing. Snowpack is declining with warming temperatures, groundwater is being mined at an unsustainable rate, the infrastructure is aging, human demand for water continues to grow, and the Delta ecosystem continues to deteriorate. The accelerating pace of these changes introduces a new urgency into the need to find novel ways to manage the host of variables that affect water and the Delta ecosystem.
Human use of the Delta and surrounding lands has changed the landscape and water quality in ways that create serious environmental challenges ( Figure 2 ). We know that multiple factors (e.g., water flows, water quality, invasive species, predation pressure, and habitat loss) interact to increase risks to native species. Despite measures to address individual stresses, the situation for many native species is increasingly dire (Sommer et al. 2007 ). Largely because of massive landscape transformations, the Delta cannot be restored to what it once was (NRC 2012). But the situation for native species can be improved, and there is a new urgency in taking advantage of whatever opportunities exist to do that. Exactly how to reduce the cumulative impacts of the stresses on the ecosystem is not clear (Baxter et al. 2010 ), but the need to address this multiplicity of problems and their interactions is as urgent as the need to address water-supply issues.
Another aspect of the problem is that more than 230 agencies, institutions, and stakeholders claim a role in water and environmental management but come with different core interests-and often conflicting visions of how the Delta should be managed. The resulting institutional fragmentation creates conflict and slows decisions. Addressing the water supply and ecosystem problems of the Delta will require management institutions that are both nimble and sufficiently coordinated to take bold, timely, and well considered actions.
Formally, the problem of water and environmental management in the Delta fits the definition of a "wicked" problem in the sense of Rittel and Webber (1973; Sidebar 2) . Recognition of the Delta as a wicked problem presents a new way to think about management. Wicked problems have no single correct characterization and no single correct solution, only better or worse approaches to management of the situation. This means the Delta's problems cannot be solved in the traditional sense, but they can be actively managed to minimize adverse outcomes and maximize beneficial outcomes (Healey 2008) . Difficult political decisions and bold actions will be necessary, and this will require thinking outside the box, thinking holistically, making learning integral with doing, and finally and honestly embracing the equivalent value of water supply and ecological health. Addressing demand will be as important as addressing supply; restoring ecological function (as Moyle et al. [2012] suggest) will receive as much attention as re-engineering water-distribution infrastructure; and broadly coordinated actions will take precedence over individual institutional missions. The Delta Stewardship Council, the Delta Reform Act, and the Delta Plan provide an institutional and policy framework for this kind of operational innovation.
SIDEBAR 2
The Delta: A "Wicked" Problem
• If the problem were just about allocating flows, it might be solvable.
• Add in the complexity of moving water through a hydrologically and hydrodynamically complex Delta and it becomes complicated.
• Add the uncertainty of ecological responses and the institutional complexity of many actors with many visions and the problem becomes wicked (Dryzek et al. 2013 ).
• Then add the ever-changing water supply and ecological and economic contexts within which decisions must be made, and the problem becomes devilishly wicked.
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C O M P L E X , C H A O T I C O R S I M P L Y C A N T A N K E R O U S ?
15 FIGURE 2. The Delta ecosystem responds to factors both within the physical Delta and from regional stressors and drivers of change, including the ocean. Eleven major factors affecting the current Delta are highlighted in this regional view of the Delta and surrounding landscapes. 
TRANSFORMATION OF THE LANDSCAPE
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Figure 2
The Delta ecosystem responds to factors both within the physical Delta and from regional stressors and drivers of change, including the ocean. This regional view highlights eleven major factors affecting the Delta and surrounding landscapes.
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WHY IS THE DELTA PROBLEM IMPORTANT?
As the hub of a regional water-redistribution system, the Delta is a critical node in a complex network of dams, pumps, canals, drains, and reservoirs, all of which are managed jointly by local, state, and federal institutions to meet goals for flood control, water supply, and environmental conservation (Figure 1 ). This engineering marvel is one of the largest waterworks in the world. Through California's participation in the Colorado River Basin Compact, uncertainties about water availability from the Delta have consequences throughout seven western states and into Mexico.
Water is a fundamental driver of the economy of the western U.S. California's economy is the most productive in the country (Figure 2 ; Sidebar 3). The water system is the lifeblood of this economic powerhouse and fuels the nation's most productive agricultural sector. The Delta contributes to the California economy in myriad other ways. Commercial shipping moves through the Delta to and from the ports of Stockton and Sacramento, and several major rail lines cross the Delta. Natural gas is generated and stored in the Delta. Silicon Valley, the heart of America's electronics industry, gets half its water directly from the Delta. California's entertainment industry-America's largest export-is also centered in cities dependent upon Delta water (Farhi and Rosenfeld 1998) . Although the California economy has proved resilient to year-to-year water shortages in the past , negative consequences of a more permanent water scarcity will be increasingly difficult to avoid (Howitt et al. 2014) and will carry over to the economies of the region, the nation, and the world.
The Delta is also of considerable ecological importance. With San Francisco Bay, it is home to more than 750 species of plants and animals. The California Floristic Province, of which the Delta and Bay are a part, is one of 25 hot spots of biodiversity across the world cited as the highest-priority areas for conservation of species (Myers et al. 2000) . Some species are present year-round, like Delta Smelt, Sacramento splittail, salt marsh harvest mouse, and soft bird's beak. Other species that are important culturally or economically, including salmon, and SIDEBAR 3
The International, National, and Statewide Importance of an Economy Underpinned by Availability of Water from the California Delta California's Economic and Agricultural Profile:
• A gross domestic product of $2.2 trillion.
• The 8th largest economy in the world, equal to Brazil's.
• Contributes 13% to the total economic output of the United States.
• Ranks 1st in the nation for patents.
• Outpaces all other states in venture capital investment with 41% of all companies in the U.S. receiving venture capital from California.
• Has the highest rate of employment by U.S. subsidiaries of foreign companies.
• Exports $174 billion of products annually ($48 billion from computer and electronics goods) for 11% of total U.S. exports.
• Imports more than $230 billion in goods from other states and countries.
• The entertainment industry in California accrues over $47 billion per year.
• California produces more food than any of the 50 states, with $45 billion in sales per year, including:
-40% of annual national agricultural production;
-45% of all the fruits and vegetables, including:
-98% to 99% of U.S. almonds, walnuts, and pistachios.
-90% to 95% of broccoli, strawberries, grapes, and tomatoes.
-74% of all lettuce.
• Produces many crops year-round supplying the nation with fresh produce throughout the winter.
• Because California produces most of the fruits and nuts and a high percentage of vegetables consumed in the U.S., restrictions on water for agriculture in the greater Delta affect the availability and price of these agricultural products throughout the U.S. and elsewhere.
• If production relocates because of water shortages in California, some of the conflicts over water will also relocate.
(Sources: Farhi and Rosenfeld 1998; CSA 2010; DPC 2012; Hanak et al. 2014; Howitt et al. 2014; Marois and Pei 2015; USDC 2015; Wiki 2015) 8 VOLUME 13, ISSUE 3, ARTICLE 7 sturgeon, use the Bay and Delta seasonally. Migratory waterfowl and shorebirds use the Bay and Delta as a feeding and nursery habitat during only a brief part of their lives, but these species could not exist without these systems. The presence of migratory species connects the Delta to ecosystems as distant as Alaska, the Pacific Ocean, and South America, just as the water distribution system connects the Delta to regions far to the south and east. The Delta is truly an internationally connected ecosystem with contributions to local and state enterprise, to regionally valuable fisheries, and to global biodiversity.
Finally, the concept of the Delta as a place, enshrined in the 2009 Delta Reform Act, makes tangible the human dimension of issues such as water export and management, environmental management, and habitat restoration. All these activities go on in a real place, a place where people live and play, a place with a rich cultural history. More than 570,000 people live in the greater Delta itself, mostly in the urbanizing regions around the margin of the Delta (Secondary Zone, Figure 1 ). Many derive their livelihoods directly from the Delta. Most of the rest use the Delta for transportation, recreation, and as a source of water. The importance of this social dimension of the Delta is a critical consideration in every decision that affects the fate of the region.
THE DELTA: A STUDY IN COMPLEXITY Physical System Complexity
The Delta began forming about 10,000 years ago when rising sea level slowed the outflow of the Sacramento and San Joaquin rivers through Carquinez Strait. Sediments accumulated east of the strait and created a complex of low islands, shifting channels, large woody debris, and tule marshes (Whipple et al. 2012 ) that bedeviled early settlers but were the natural habitat of many species now in trouble.
Human activity has transformed the original complex wetlands and river floodplains into a 3,000 km 2 patchwork of approximately 57 islands separated by 1,100 km of sloughs and winding waterways (CDWR 2015) . It is the largest delta on the Pacific coast of North America (almost the size of the state of Rhode Island). The islands of the central Delta are used primarily for agriculture, although there is a small amount of residential property. Only remnants of the original marsh remain, and many of these are highly managed (Ferner 2012) .
The physical character of the Delta is at the center of some of the most complex and contentious aspects of the Delta problem. The islands of the Delta are protected by 1,800 km of levees ( Figure 3 ). The levees are aging and at risk of failures from numerous causes. In the 1990s, 160 levee breaches occurred, and breaches continue at a high rate (Bates and Lund 2013) . Delta islands have subsided, particularly in the center and western portion of the Delta where the surfaces of many islands are now 5 m or more below sea level (Moore and Shlemon 2008), increasing the risk of levee failure. Droughts and floods also increase the risk of levee failure, and this risk will likely increase as these events become more frequent and more severe with climate change. Rising sea level, another consequence of climate change, further increases the risk of levee failure. Finally, the levee system is highly vulnerable to earthquakes. There is an estimated 60% probability that an earthquake of magnitude 6.5 or greater will occur in or near the Delta sometime in the next 35 years (Moore and Shlemon 2008) . Levee maintenance is costly and upgrading levees to address the growing risks is costlier still. Ultimately, prioritization of maintenance and land uses will be necessary, and incremental approaches to this have been proposed (DSC 2015) . But the levee system is also interconnected, making solutions more complex. Breaks or intentional breaches in one levee could increase the risk of levee failure elsewhere in the Delta. If any of these risks results in multiple, simultaneous levee breaks, there would be cascading consequences for water transit, water exports, local economics, and, use of islands to benefit the ecosystem.
A most important consideration in the discussion of levee maintenance is that the levees are an essential part of the California water Valley and southern California (Figure 1 ). This makes the levees critical to all the human uses of Delta water. One of the greatest concerns of Delta water managers is that multiple levee failures would allow a massive salinity intrusion that would threaten the many agricultural crops and urban water supplies that rely on high-quality water exported from the Delta. Desalinization is not economically feasible to remove salt from irrigation water because of the volumes (and thus cost) involved. Water treatment facilities can remove salt from drinking water, but at a considerable increase to the cost of drinking water. In addition, there is a potential risk to human health from carcinogens that form during water treatment when the source water contains higher levels of organic matter and bromide (Richardson and Postigo 2012) .
Under the current levee configuration, river flows out of the Delta provide a flow barrier that prevents intrusion of seawater from San Francisco Bay. If river flows drop too low, circulation driven by the tides (the strongest hydrodynamic force in the Delta) can carry salt, dissolved organic materials, bromide, and other chemicals to the water supply diversion points Figure 3 Maps of the Delta showing its transformation from a complex system of river and distributary channels of multiple sizes and shapes to the present water-transport system dominated by straightened and simplified channels. Transformation also included a major simplification of native landscape types to an agriculturally dominated landscape. (Modified from Whipple et al. 2012.) in the Delta. Reservoir releases are crucial in maintaining river flows in summer and fall when rainfall is limited. Thus, exports of high-quality water from the Delta depend upon a complex interaction among climate, reservoir operations, and levee configurations. For example, during prolonged droughts, there is increased risk that reservoir supplies will not be sufficient to maintain the flows that keep salinity away from the interior Delta. At the present time, after 4 years of drought, reservoir supplies are shrinking, the flow barrier is weakening, and water managers are adjusting levee configurations, each with their own problems, to ensure the quality of freshwater delivered from the Delta (Rubissow-Okamoto 2014).
Water Supply Complexity
The complexity of Delta water issues partly revolves around widening demand for water from a supply that is not only limited but also highly variable and growing increasingly uncertain. California's water supply is based upon four pillars: surface water, snowpack, groundwater, and the massive humanbuilt infrastructure that stores and redistributes water from these sources. The human-built system is effective in managing seasonal variability and regional redistribution of water. Large storms that occur in late fall, winter, and early spring are a major source of California's water supply, contributing 30% to 45% of all precipitation in central and northern California . These storms are associated with atmospheric rivers, bands of warm, moist air from the subtropics that sweep across the Pacific and make landfall as a series of high-intensity rainstorms (with snow in the high mountains). These intense storms are a mixed blessing, sometimes providing much-needed water and at other times causing significant flooding and property damage.
California precipitation comes both as rainfall and snowpack from the high mountains. Rainfall runs off immediately, and water managers must decide whether to store this water in reservoirs for water supply or to release water to reduce future flood risk (Knowles et al. 2006) . Snowpack provides a critical second source of water. California reservoirs begin to release their stored water as precipitation declines in late spring. These reservoirs are then refilled by snowmelt from carefully metered mountain snowpacks. Typically, snowpack provides just under half of California's water supply (Dettinger 2015) , allowing seasonal redistribution to proceed into the late fall when the rains normally begin again.
Year-to-year variability in precipitation is a predominant feature of the California climate and is by far the greatest in the U.S. . If one or two large winter storms do not materialize, the year will be dry; if there is an additional large storm or two, the year will be wet. Complex cycles of ocean climate 2 contribute to a tendency for wet or dry periods to occur over multiple years, adding another layer of complexity to the water supply picture (Cayan et al. 1998 ). The reservoirs were originally designed to buffer the effect of precipitation variation, but as demand has grown the system has become increasingly less flexible. The capacity of reservoirs in the Sacramento and San Joaquin basins is about 1.1 times average annual runoff (Lund et al. 2007 ). Thus, reservoirs allow water managers flexibility for within-year water management but no longer provide much flexibility for dealing with multi-year droughts. Finally, long-term trends in California's water supply associated with climate change portend growing uncertainty in water supply and uncertainty about strategies for coping with increasing variability (Sidebar 4).
For decades, groundwater has provided the back-up to lessen the effect of surface water variability. Of the total California water supply, about 40% comes from groundwater wells (CDWR 2014 land subsidence occurs (Faunt and Sneed 2015) . These signs of groundwater depletion add considerable uncertainty to the supply picture for the future. Exact measurements of groundwater reserves and the cost to access and use groundwater under different future climatic scenarios are crucial to understand the implications of current rates of groundwater depletion. In 2014, California passed legislation requiring that groundwater reserves be measured and groundwater use regulated. Implementation of this new law will require increased study and monitoring of the groundwater system at local, regional, and statewide scales.
Water Quality Complexity
A broad array of nutrients and potentially toxic chemicals enters the Delta from agricultural runoff, and there exists a long legacy of mining and indus-trialization in the watershed (van Geen and Luoma 1999; Sidebar 5). Today, more than 100 industries, wastewater treatment plants, and urban stormwater discharges release waste streams to the Bay and Delta (van Geen and Luoma 1999). The waste streams are mostly treated, but the Bay and Delta are, nevertheless, listed under the federal Clean Water Act as impaired because of the presence of a variety of toxic contaminants. People are advised not to eat striped bass, white sturgeon, and some diving ducks caught in the Bay and Delta because they may contain high concentrations of mercury, selenium, PCBs, or DDT breakdown products.
The complex spectrum of chemicals entering the Delta is continually changing over time as regulations, industry processes, and consumer preferences change. Federal and state regulations (e.g., the Clean Water Act, passed in the 1970s) have made substantial progress in reducing inputs of some toxic chemi-
SIDEBAR 4 Uncertainties About California's Future Water Supply Arising from Climate Change
• More precipitation falls as rain in late winter and less as snow in mid-winter.
• Spring snowmelt occurs earlier because of higher temperatures.
• Less snow and earlier melting means less water is stored as snowpack and more uncertainty about water availability from reservoirs in the late summer and fall.
• Higher temperatures yield less runoff from the same rainfall amount.
• Average precipitation increases in northern California but decreases in southern California.
• More frequent extremes: prolonged drought, floods from atmospheric rivers.
• Greater dependence on groundwater as a buffer from extremes.
• Increasing costs and decreasing availability of that buffer as groundwater is over-exploited.
(Sources: Cloern et al. 2011; Dettinger and Cayan 2014) SIDEBAR 5
Contaminants in the Delta and San Francisco Bay
• Mercury from historic mining sources contaminates food webs.
• Selenium from Central Valley irrigation drainage and Bay refineries affects reproduction of native predator species in the Bay.
• Organic chemicals remaining in sediments from historic use accumulate in food webs, including DDT and its breakdown products, and polychlorinated biphenyls (PCBs).
• Pharmaceuticals, flame retardants, and personal care products from waste treatment facilities disrupt endocrine systems of aquatic organisms and birds.
• Multiple, changing pesticides from agriculture and urban uses cause toxicity at least near their points of release.
• Nutrient inputs from wastewater treatment facilities and other sources affect Delta food webs.
• Nitrogen, phosphorous, and other nutrients stimulate nuisance or toxic algal blooms and water weeds, as turbidity of water declines.
12 VOLUME 13, ISSUE 3, ARTICLE 7 cals (metals, some organic compounds) into the Bay and Delta (van Geen and Luoma 1999) and reversed adverse ecological effects around what were once contamination hot spots (Hornberger et al. 1999) . Nutrient input remains a source of concern, although management has improved in some areas (Sidebar 6). Newly emerging contaminants pose another concern, and include pharmaceuticals, flame retardants, and personal care products that are shown to cause endocrine disruption in fish and other organisms. There is evidence of toxicity to invertebrates at the base of the food web, at least near the sources of inputs for some pesticides (Weston and Lydy 2010) and PCBs (Janssen et al. 2011) . In addition, selenium causes reproductive effects on some native fish (Stewart et al. 2013 ). Finally, the fate of chemical wastes is interwoven with the physical characteristics of the modern Delta. Many aspects of water quality are affected by river inflows, Delta hydrodynamics, connections to the Bay, and changing temperature and turbidity. All of these interact with each toxic chemical to create vari-able exposures over time and space. In short, there is cause for concern about the potential for adverse effects from toxic contaminants, even though exact risks are difficult to assess and are confounded with the effects of other stressors.
Ecological Complexity
Before European colonization, the Delta was a vast, 3,000 km 2 complex of low, forested islands, tule marsh, and meandering channels (Figure 3) . Parts of the Delta flooded and drained with each tidal cycle, and most of the Delta flooded during the spring, after which parts dried out during the long period of low river flow in the summer and autumn. The tidal and seasonal cycles of flooding, draining, drying, erosion, and deposition created and sustained the Delta. This was the environment in which native species evolved and in which they thrived. The life cycles of many native species were cued to these natural rhythms. As tides rose and inundated island marshes, fish would SIDEBAR 6
Nutrient Inputs: An Example of a Changing Issue with Regional Implications
• The waterways of the Delta are enriched with nitrogen, phosphorus, and other nutrients that come from natural sources, agricultural inputs, and wastewater treatment facilities.
• Nutrients typically fuel the growth of phytoplankton (open water algae) and aquatic plants that form the base of the food web in the Delta. Plant productivity determines the availability of food resources to zooplankton, aquatic invertebrates, and fish.
• Annual primary production of the phytoplankton in the Delta has typically been low compared with other estuaries because of limited light penetration into turbid waters and the low residence time of water in the Delta (Jassby et al. 2002) . Feeding by bottom-dwelling animals that filter the water column also reduces phytoplankton availability to the pelagic food web.
• Summer blooms of a harmful algae (Microcystis aeruginosa), that began in 1999, are a new concern (Lehman et al. 2005), for the first time raising the specter of ecological problems from nutrient inputs.
• The problem has been accentuated by an increase in the clarity of the water that allows more light penetration. This occurred as the residual sediments from hydraulic mining passed through the ecosystem, and dams captured sediments that originated upstream.
• Nutrient availability, especially ammonium from wastewater treatment plants, facilitated the invasion of two non-native aquatic plants (Brazilian waterweed, and water hyacinth), which are now well established in the Delta (Santos et al 2009) . Both grow well in high-nitrogen environments if light is available, and are effective at using ammonium as a source of nitrogen.
• Programs are being initiated to reduce nitrogen discharges. A sustained commitment to experimental nitrogen-removing technologies illustrates that creative new ways to address stressor problems exist. Although it is uncertain to what degree nitrogen reductions alone will shift trajectories for native species, it is an example of bold, prudent action with a low probability of cascading negative outcomes. invade the marsh along tidal channels, feeding on the abundant food resources of the marshes before retreating into the main Delta channels as the tide ebbed. Shorebirds would also populate the emerging mud flats to probe for food. Fish species such as splittail were adapted to the seasonal flooding, moving onto the floodplains to spawn during the spring floods and retreating to the main river channels with their young as the flood receded.
Very little of this historic ecosystem remains (Figure 3) . The modern Delta is a patchwork of leveed islands separated by channels. These islands do not flood on tidal or even seasonal cycles, unless levees fail. Little wetland habitat remains, and what does is not subject to the extent of flooding and drying that characterized the historic wetlands.
Beyond transformation of Delta habitats, human development imposes a wide array of additional drivers of environmental change (Figure 2) with effects that vary among species, locations, and with time.
The severity of the cumulative effects of these stresses is manifested in the estimate that 80% of native fish species are in decline (Hanak et al. 2011) . Many of the risks from individual stressors are understood, but the relative importance of each stressor to the cumulative consequences is difficult to pinpoint. Moreover, natural cycles and climate change constantly shift the baseline conditions in the ecosystem (Cloern and Jassby 2012) , adding to the complexity of determining why changes are occurring. As a result, predicting the outcome when water operations, land forms, or the levees are changed is uncertain, at best.
Since passage of the Central Valley Project Improvement Act of 1992, federal and state agencies have focused attention on how to sustain viable populations of native species in the Delta while still maintaining water exports from the Delta. Early attention focused on prevention of mortality at the export pumps (Sidebar 7) and management of flows through the Delta for the benefit of native species. More than a decade of litigation has been driven by uncertainties about the effectiveness of the regulations that curtail exports, and how these curtailments and other water management operations, in real time, negatively affect the populations of legally protected fish species. Even defining water allocations for the environment versus human use has been a source of controversy (Sidebar 8).
As more has been learned about the Delta ecosystem, it is clear that recovery of native species will require cumulative effects from all stressors to be addressed. A good example of the dire circumstances that characterize the Delta ecosystem is the recent sharp decline of several native fish species, termed the pelagic organism decline or POD (Sidebar 9). Statistical studies, improved conceptual models, and improvements in quantitative modeling of the environment all point to multiple causes for the POD, and perhaps a broad change in the overall ecological regime of the Delta. Initial studies of the POD were focused on declines in abundance of a few species SIDEBAR 7
Preventing Mortality of Legally Protected Fish Species in the Delta
• One focus of Delta management is regulations that curtail water exports when legally protected species, such as salmon and Delta Smelt, are drawn into the pumps.
• At a larger scale, water project operations also affect water movement and water quality throughout the greater Delta changing, for example, cues that fish such as salmon use to direct their seasonal migration from spawning rivers to the sea and back.
• Today only 5% of the young salmon that enter the Delta in their seaward migration survive to enter the ocean (del Rosario et al. 2013) . That proportion dropped from 40% in the 1990s.
• It is difficult to determine unambiguously how much of this mortality is caused by water operations, how much by habitat change, or how much by interactions with other causes of mortality, such as predation by non-native species (Figure 2 ).
• Survival of migrating chinook salmon has been improved to 86% to 94% by scientifically supported actions in the Columbia River system (northwest U.S.; Muir et al. 2001 ). This means improving migratory survival is feasible, and is an example of an opportunity to improve the situation for native species.
14 VOLUME 13, ISSUE 3, ARTICLE 7 such as Delta Smelt or longfin smelt and their link to water diversions. But broader conceptual models (e.g., IEP MAST 2015) led to the recognition that more species and other events were involved with this change. The idea that focusing action on one problem will allow relaxation of the regulation of others has underlain much of the contentious dialogue about Delta restoration. The POD studies and others show that concerted action on multiple fronts offers the best opportunity for progress.
It is difficult to pin down the causes of events such as the POD, in large measure because today's Delta is essentially an alien habitat to the hundreds of native species that try to live there. Under these circumstances, it is no surprise that many native species are struggling to survive, and that many factors are implicated in their low population numbers. The Delta cannot be returned to the way it was 200 years ago. The great challenge is to figure out how to provide enough suitable living space in the modern Delta for these species to persist (Moyle et al. 2012 ). The challenge is increased by the continually evolving nature of the ecosystem as new species arrive, and as land use and climate change (Sidebar 10).
Institutional Complexity
Because managing water and environment is inherently complex, the tendency is to break the perceived SIDEBAR 9
The Pelagic Organism Decline
• Four pelagic species-two native species (Delta Smelt and longfin smelt) and two introduced species (juvenile striped bass and threadfin shad)-declined to record low numbers in only a few years beginning in 2002 -2004.
• The collapse of these populations occurred despite management actions intended to improve conditions in the Delta, and relatively moderate hydrological conditions at the time.
• Before this event, most attention had focused on water exports as the principal cause of the declining abundance of native species. Careful re-examination and re-analysis of data was catalyzed by the dramatic change in fish populations.
• Although different stresses (Figure 2) figured most prominently in different studies, all showed that direct effects of water exports was only one factorand perhaps not the most important factor-in this most recent species decline in abundance.
• Conceptual models, rooted in ecological theory, are developing ideas about how a number of drivers of change interact to cause precipitous declines in species. These models are qualitative and generalized, but do provide a useful framework for organizing and synthesizing both data and ideas related to the conservation of pelagic fish species.
SIDEBAR 8
How Much Water for the Environment?
• It is common to hear that only 50% of California's water supply is diverted for human use and that the other 50% goes to the environment. (Different sources give slightly different figures for the water balance.) But allocations are more complicated than that.
• In general, one-third of all California water (60% of the environmental water) is in wild and scenic rivers far north of the Delta watershed. These rivers are protected by laws that were established in the 1960s and have been repeatedly declared off limits to the Delta because of poor accessibility, environmental protection, and economic reasons.
• The most controversial segment of all water is the approximately 10% (20% of environmental water) that flows through the Delta.
• Most of this water is used for increasing flow that prevents salinity intrusion into the Delta pumping stations. This water may be beneficial to the environment, but it is just as important to human water uses.
• 1% to 2% of the water is used for wetlands maintenance, which is not highly controversial.
• Most of the controversy is over the 1% or so of the water used to protect endangered species of fish. problem down into what seem like manageable pieces and address each piece more or less independently. The result has been a plethora of agencies, departments, and commissions at federal, state, regional, and local levels of government, each dedicated to addressing one or more components of water and environmental management (Figure 4 ). Private interests, like the State Water Contractors, and nongovernmental organizations, like the San Francisco Estuary Institute and the Nature Conservancy, are also involved. The repeated crises in management of the Delta have only served to increase this institutional complexity (DSC 2013) .
When so many institutions with different mandates are involved in management of a critical resource such as the Delta, integration and coordination are critical. Although there are notable examples of long-standing cooperation and integration among state and federal agencies (the Interagency Ecological Program, for example), there are also notable examples of decision-making that is fragmented and uncoordinated, leading to inefficiency and poor outcomes (NRC 2012). One consequence of the fragmentation of responsibility and authority over the Delta is the increased difficulty of addressing Delta problems. The complexity provides a multiplicity of ways for individuals and organizations that are dissatisfied with water or environmental management to seek redress for their dissatisfaction through litigation. The Delta Reform Act of 2009 attempted to address this complexity by establishing the Delta Stewardship Council with responsibility for achieving the coequal goals of a more reliable water supply for California and protecting, restoring, and enhancing the Delta ecosystem. Time will tell whether the Council can achieve sufficient cooperation or has sufficient authority to address institutional complexity.
THE ROLE OF SCIENCE
As we noted earlier, the Delta is one of the most studied ecosystems in the world. A growing understanding underpins ongoing adaptations in managing the Delta. Throughout the decades of conflict over water issues, all parties have recognized that advancing the state of scientific knowledge is fundamental to making constructive progress. As we enter an era of increasing uncertainty about climate and water supply, commitments to multi-institutional science that informs policy beyond agency decisions are critical. Continuing advancement of scientific understanding and effective integration of science into management will require science that embraces differences of scientific opinion, structures science in a way that is useful for management decisions, SIDEBAR 10
Non-Native Species and the Restoration Conundrum
• Aquatic and terrestrial habitats are heavily invaded by non-native species delivered by international shipping, recreational boating, the horticulture and pet industries, agriculture, or deliberate introduction.
• San Francisco Bay and the Sacramento-San Joaquin Delta have been described as the most heavily invaded estuary in the world (Cohen and Carlton 1998) . Cohen and Carlton (1998) showed that 40% to 100% of species found in various aquatic habitats was non-native.
• The consequences of invasions by exotic species can be dramatic.
• A 1986 invasion of the overbite clam changed phytoplankton dynamics in Suisun Bay, and eliminated what was once a large spring bloom of plants that was essential to native food webs.
• Introduced predators, like striped bass and largemouth bass, have grown to large populations in the Delta, and their predation on native fishes is thought to contribute to the decline of such species.
• Restoration of shallow-water habitats is often plagued by invasive plants and invasive predators instead of fostering more habitat for native species. Currently, it is unclear how best to reduce populations of invasive species or how to increase the certainty that new habitat will be best suited for native species. and quantifies uncertainty. Looking into the future of complex problems like the Delta will require scientific models that can simulate the consequences of different management approaches. Such models have been developed for water operations; are in their early stages for the ecosystem (DiGennaro et al. 2012 ) and climate change (Cloern et al. 2011) ; and have been used to envision alternative futures for the Bay-Delta (e.g., Lund et al. 2010) . The understanding necessary to integrate and strengthen these models is growing rapidly, but is scattered among agencies and research institutes and needs to be brought together.
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Challenges remain in merging models of various types, and in ensuring that the model output is sufficiently reliable for management. But if carefully implemented and interpreted, such models can provide valuable guidance to policy, management, and science .
Continuously improving models and scientific understanding of the Delta problem is necessary but not sufficient to manage successfully the complex technical, political, and resource challenges facing the Delta. There will always be uncertainties that surround any action. Difficult political choices will be necessary. Adaptive management is the preferred approach to implementing management actions in the face of uncertainty. Regular monitoring and evaluation of the Delta's response to management is the best way to detect unexpected outcomes and adjust management actions to deal with uncertainties. Although a number of monitoring and assessment programs exist to aid in such evaluations, there is not as yet a unified set of performance criteria for the key dimensions of the Delta problem. As adaptive management becomes more fully implemented, such criteria must be developed, implemented, and reported on regularly. Effective adaptive management also requires collaboration, communication, and transparency among all interest groups as well as a willingness to overcome the institutional barriers to collaborative decision-making. Recent commitments to collaborative decision-making are encouraging (e.g., the Collaborative Adaptive Management and Policy Team) but sustaining those initiatives has always been a challenge.
CONCLUSIONS: COPING WITH COMPLEXITY
The Sacramento-San Joaquin Delta is at the hub of an interconnected water-delivery system that feeds the impressive economy of California and also influences the economies of most of the western U.S. At the same time, the Delta is an ecological resource of international significance with a rich social and cultural history. The challenge in managing the Delta is to preserve all these important functions in the face of a widening demand for water that frequently exceeds available supply, including demand from a growing population, a growing economy, valuable agriculture, and a unique environment. The challenge is enhanced by climate change, which is raising temperatures, changing storm patterns, and reducing snowpack, leading to an increasingly uncertain supply of water and changing environmental conditions. Unsustainable mining of groundwater (Bredehoeft and Alley 2014) is increasing costs and decreasing the availability of a source of water that has long provided a buffer against drought. Water managers no longer have the flexibility they once had in dealing with the multi-year droughts that are inherent to the California climate. Managing the water supply system alone is complicated. But add in the imperative to sustain the ecological and social values of the Delta and every decision becomes considerably more complex. The current arrangement for addressing this combination of complexity, uncertainty, and change is unsustainable, as evidenced by both declines in native species and dissatisfaction with water deliveries.
From an environmental perspective, the ecosystem of the Delta is vastly transformed from its original state, making life difficult for a host of native species. Multiple interacting factors affect the well-being of native species. Some of these factors are well understood, but their interactions and cumulative consequences are not, making it impossible to make definitive statements about what is causing native species to decline. As a result, predicting the outcome when water operations, land forms, or the levees are changed is uncertain, at best. Nevertheless, opportunities exist to conserve and restore aspects of the native system and to structure the rest of the Delta to make it more hospitable to native species. Realizing those opportunities without jeopardizing water supply is the ultimate challenge in managing the Delta.
Many of the approaches used in water-scarce environments elsewhere are under-utilized in the Delta. While adjustments to the infrastructure as it ages are essential, opportunities exist to simultaneously redefine bold action as we pursue proven (although not always initially popular) ways to work more effectively with what we have (http://www.energy.ca.gov/ wet/). Examples include the following:
• Groundwater recharge and conjunctive use offer storage potential beyond that available for surface waters (CIWR 2015).
• Initiatives to promote water reuse, water recycling, and desalination in selected circumstances are under-utilized and can help address the imbalance between demand and supply (ACWA 2015).
• Priorities for maintenance and upgrades of the levees can be built from growing understanding of physical vulnerabilities, climate change, economics, and water transit needs (DSC 2015) .
• Making water conservation a continual, longterm, statewide investment is a necessary part of accepting water scarcity (USEPA 2015; NatGeo 2014).
• Greater attention to both the tributaries and the Bay in Delta planning, including wetlands restoration, offer opportunities for both protection from sea level rise and ecosystem restoration (Save the Bay 2015)
• Continuing the precedent of improving water quality from tributary inputs and within Delta sources can help counter the expansion of exotic species (Brown and Caldwell 2015).
• Risk reduction for catastrophic Delta infrastructure failure can include investing in targeted levee improvements, addressing additional stresses from sea-level rise, and planning for climatic extremes such as atmospheric rivers and longterm droughts.
• Making the "One Delta, One Science" concept a reality will improve the underpinning for political actions in the face of uncertainty (DSC 2013) .
Complex, wicked problems like the Delta rarely yield to the simplistic solutions directed at only one dimension of the problem. The lack of flexibility resulting from the already complete allocation of a shrinking water supply, combined with the serious deterioration of the native ecosystem, will reduce the effectiveness of many traditional engineering solutions in the Delta. History shows that large-scale, irreversible, physical changes in the water system are particularly risky (Sidebar 11) unless they promote flexibility and are implemented incrementally (Sidebar 12). Incremental, as used here, does not imply "small," but "implementation in stages," such that lessons learned from early increments can be used to improve design of later increments. While economics alone may not always support such an approach, it is time to recognize that other dimensions of the issue also must carry weight.
New approaches to scenario-building and modeling can help managers explore the potential outcome of major management initiatives and anticipate problems before they arise. Modeling and scenario-building needs to be a collaborative, multi-institutional activity. As we enter an era of increasing uncertainty about climate, water supply, the fate of the Delta's native ecosystem, and institutional complexity, multiinstitutional collaborative approaches will become increasingly important.
Water scarcity has defined and will continue to define the future of the Delta and all that is linked to it. California has risen to the challenge of water scarcity in the past to build an economy and a society that is, in many ways, the envy of the world. The present problem of water scarcity seems more complex and less amenable to traditional engineering solutions than in the past. But California has the tools and the intellectual resources to manage the problem and to achieve the twin goals of a reliable water supply and an ecologically diverse Delta ecosystem.
SIDEBAR 12
An Example of Incrementally Approaching a Complex Problem
Most Delta restoration projects have not been in place long enough to draw conclusions about the approaches being used. But the Kissimmee River in south Florida provides an example of how an incremental approach to restoration can work. Key elements of this widely proclaimed restoration success are listed here (see Dahm et al. 1995) : 
Implementing Inadequately Understood Engineering Solutions: The San Luis Drain Example
An example of implementing a simple solution to a complex problem is the issue of irrigation drainage in the Central Valley.
• As a part of the Central Valley Water Project in the 1950s, governments were obligated to deal with the return drainage that resulted from the export of water from the Delta.
• The simplest solution was to build drainage infrastructure under the agricultural fields and a canal (the San Luis Drain) to take the drainage to San Francisco Bay.
• The first increment of that system was completed in the 1980s with the drainage canal temporarily terminating near Kesterson Wildlife Refuge.
• Soon after the drainage disposal began, severe deformities were observed in birds, including birds that were part of the international Pacific Flyway. Later studies showed a massive ecological disaster, which was eventually attributed to heretofore, unknown selenium contamination in the drainage (Presser 1994 ).
• Later studies showed that a similar, if not worse, outcome was likely if the drain was extended to the Bay (Presser and Luoma 2000) .
• Dealing with this problem has been much more expensive than the San Luis Drain itself. Adverse effects of irrigation drainage products such as selenium will always be an important consideration in any plans that change water-redistribution systems. The selenium problem cannot be solved, but it is being incrementally managed by land retirement and multiple, local in-valley treatment systems. The San Luis Drain was a multi-million dollar "stranded investment" that resulted from a poorly understood, simplistic engineering "solution" to a complex problem with many dimensions.
